Background. Intravascular ultrasound was used to assess the immediate effect of balloon angioplasty on the superficial femoral artery.
T he exact mechanism by which balloon angioplasty leads to successful luminal enlargement has not been established definitively. A review of the literature provides information on the various mechanisms proposed to explain the arterial dilatation obtained by balloon angioplasty (Table 1) .
Initially, it was postulated that enlargement of the vascular lumen is caused by compression and redistribution of the atheromatous plaque to the subadjacent area.'2 Overstretching or even rupture of the vessel wall has also been advocated as the primary mechanism of a successful procedure. [3] [4] [5] [6] [7] [8] [9] Other studies reported splitting of the intima near the edges of the plaque or rupture of the plaque itself.3,7-"1 Finally, embolization of the lesion as the ultimate result of the intervention has also been described.6,8"1' The proposed mechanisms have been based on the study of postmortem specimens,3-57-91" experimentally controlled models,10 experiments using animal models of atherosclerosis,4'6'8"1' and clinical observations.1"2" 1Consensus on the precise contribution of each mechanism has not yet been reached.
For in vivo diagnostic assessment of the changes after balloon angioplasty, angiography has been the method of choice. The recent introduction of high frequency intravascular ultrasound allows detailed imaging of the arterial wall from within the artery. In vitro studies have demonstrated that intravascular ultrasound is a reliable technique to determine the constituents of the vessel wall qualitatively as well as quantitatively.'2-18 Intravascular ultrasound is a promising technique to assess the results of various intervention techniques, which includes balloon angioplasty.'3,'4'l- 24 The purpose of this study was to study the effects of balloon angioplasty in the clinical setting using intravascular ultrasound. Sixteen consecutive patients, presenting with disabling claudication, were examined with intravascular ultrasound before and immediately after balloon angioplasty of the superficial femoral artery. First, qualitative data with respect to vessel wall and lesion morphology were obtained and then the morphology seen after intervention was described. Second, quantitative measurements of free lumen area, minimal lumen diameter, media-bounded area, lesion area, and medial thickness obtained before and after intervention were compared.
Methods

Study Group
The investigation was approved by the local Committee on Human Research, and informed consent was obtained from each patient. Sixteen consecutive patients (12 men, four women; age range, 45-83 years; mean age, 67 years) scheduled for routine balloon angioplasty of the superficial femoral artery to treat disabling claudication were studied. In 11 patients, the procedure was conducted under local anesthesia. Five patients were explored surgically because previous attempts to perform the transcutaneous balloon angioplasty procedure were unsuccessful. In these patients, a femoral artery cut down was performed under general anesthesia. Five of the 16 patients had been treated earlier by balloon angioplasty (interval, 3-14 months) .
In all 16 patients, balloon angioplasty was performed over the entire length of the femoral artery using a standard 6-mm balloon (Cordis, Roden, The Netherlands).
Intravascular Ultrasound Investigation
A mechanical 30-MHz imaging system was used (Du-MED, Rotterdam, The Netherlands).23, 24 The transducer was mounted on a blunt-tipped 5F catheter that rotated up to 16 images per second. The axial resolution of the system was 80 gm. Lateral resolution was better than 225 gum at a depth of 1 mm. The resulting images were displayed on a monitor via a video-scanned memory and stored on a VHS system. Sterilization of the ultrasound catheter was accomplished with gamma radiation. A radiopaque ruler was used to match angiographic and ultrasound data.
The presence and location of obstructive lesions were first assessed by single-plane angiography using a 7F sheath in the common femoral artery. Then, the ultra-FIGURE 1. Intravascular ultrasound cross sections of the superficial femoral artery, which is traced for free luminal and media-bounded contours before and after balloon angioplasty. The region enclosed by the two contours represents the eccentric lesion (asterisk). The hypoechoic media is used as landmark for the media- confirmed the sites of normality (level 17) and abnormality (level 18) as assessed angiographically. The vessel wall in a cross section, which leaves the remaining part disease-free. 25 Dissection. Dissection was defined as the presence of a separation of the lesion from the underlying arterial wall. Angiographically, a dissection was defined as a longitudinal intimal tear that resulted in a double lumen of the vessel.
Plaque rupture. A plaque rupture was identified as an interruption in the lesion (intimal) surface.
Internal lamina rupture. An internal lamina rupture was defined as an interruption in the internal elastic lamina.
Quantitative Analysis
Angiography was performed in a single plane (anterior-posterior); therefore, no attempt at quantitative analysis was made. Corresponding ultrasound images that had a lesion, subsequently dilated by balloon angioplasty, were analyzed with a digital video analyzer as described previously. 26, 27 Briefly, the analysis system was developed on an IBM PC/AT (IBM Corp., Boca Raton, Fla.) that was equipped with a framegrabber and a PC mouse device. Each image reproduced on the analyzer video screen was contour traced (Figure 1 ). To facilitate the quantitative analysis, real-time images were replayed on a separate video monitor. From each corresponding cross section, the following parameters were assessed before and after intervention. Free lumen area (mm2). The free lumen area was defined as the area encompassed by the inner boundary of the intimal surface (characterized also by the presence of blood flow).
Minimal diameter (mm). The minimal diameter of the free lumen was calculated from the traced contour and its geometrical center. 28 Media-bounded area (mm2). This was defined as the native vessel area bounded by the hypoechoic medial layer.
Lesion area (mm2). The lesion area was calculated as the difference between media-bounded area and free lumen area.
Media thickness (mm). Media thickness was measured at the site where lesion thickness was absent or minimal. The thickness was calculated as the perpendicular dis-FIGURE 5. Intravascular ultrasound cross sections obtained from two patients after balloon angioplasty revealing a large intimal flap (arrow) beyond which no reliable echo data can be obtained. Calibration=mm. FIGURE 6. Intravascular ultrasound cross sections obtained at the same levels before (upper panel) and after (lower panel) balloon angioplasty. A dissection is noted angiographically and echographically after (lower panel) balloon angioplasty (bold arrows). Note the unchanged media thickness at level 29 and the reduction in media thickness at level 30 after intervention (media thickness indicated by white marker). Given the orientation of the shadow (level 29, asterisk) before and after intervention, the image is rotated clockwise 15 minutes. Calibration=mm. tance between the leading edge from the internal elastic lamina and the leading edge resulting from the adventitia. In the absence of a distinct internal elastic lamina the transition of the lesion to the hypoechoic media was used. 29 In those instances in which partial drop-out of echoes from the luminal contour (for free lumen area) or medial layer (for media-bounded area) were noted, the contours were estimated by continuity from adjacent sections.
Statistical Analysis
All measured values are presented as mean±SD. The paired Student's t test was used to compare the data before and after intervention; ap<O.O1 was considered statistically significant. Intraobserver and interobserver variability of the ultrasound measurements were determined by remeasuring the free lumen area, media-bounded area, and lesion area without knowledge of the values obtained previously. This second set of measurements was ob- tained 1 month after the first set. Linear regression analysis was applied to determine intraobserver and interobserver compatibility, presenting the correlation coefficient (r) and its standard error of the estimate (SEE).
The media thickness data before and after intervention was measured independently by two observers. Interobserver variability of each measurement was validated by the use of linear regression analysis and expressed as mean±SD of the difference between the measurements.
Results
Qualitative Analysis
In four patients, the superficial femoral artery was not visualized angiographically because of proximal obstruction. In the remaining 12 patients, angiography evidenced a long stenosis in six patients and multiple subcritical stenoses in the other six patients.
Intravascular ultrasound studies were completed in all 16 patients. In three patients, the echocatheter could not be advanced across a distally located obstruction.
No complications related to the intravascular ultra- sound studies were observed. The mean length of the investigated arteries was 20 cm. During pull back of the ultrasound catheter from distal to proximal, it was noted that morphological aspects of the vessel wall and the lesion, as well as the shape of the lumen, could change markedly. Angiographically assessed sites of stenosis were confirmed by intravascular ultrasound (Figures 2  and 3 ). The use of the radiopaque ruler for this purpose was essential. Intravascular ultrasound evidenced a muscular artery in all 16 patients (Figures 1-3) . However, in two patients the three-layered appearance of the arterial wall was not seen over a long segment of the vessel (>7 cm) ( Figure 4 ). Clinical history revealed that one of these patients underwent balloon angioplasty twice. In the second patient, a bright circumferentially echodense arterial wall was seen, which presumably represented a fibrocalcific lesion (Figure 4) . A total of 136 corresponding cross sections with lesions that were subsequently dilated by balloon angioplasty were available for comparison. Of these, 19 cross sections (from seven patients) revealed inadequate image quality because of the low sensitivity of the ultrasound catheter and/or an inappropriate angle of the ultrasound beam. In 45 cross sections (from eight patients), a large dissecting flap occurred after intervention, which caused significant drop-out of the acoustic interface and, therefore, prevented reliable quantitative analysis ( Figure 5 ). These cross sections were excluded from further study.
Of the remaining 72 corresponding sites (from 15 patients) analyzed for comparison purposes, the lesions were of a soft (n=43) or hard nature (n=29, Figure 3) and were concentric (n = 15) or eccentric (n = 57, Figures  1-3) .
After the intervention, dissections and wall irregularities were noted angiographically in 14 patients. Intravascular ultrasound confirmed the presence of a dissection and its proximal site in each of the 14 patients ( Figure 6 ). In addition, plaque rupture was observed in 14 patients (Figure 7 ) and internal lamina rupture in six patients (Figure 8) . Table 2 summarizes the number of cross sections showing the characteristic morphological single and combined features after balloon angioplasty. Table 2 indicates that soft lesions present before intervention have a higher occurrence of dissection and/or plaque rupture after intervention as compared with hard lesions (56% versus 28%).
Quantitative Analysis
The results of the quantitative analysis assessed by intravascular ultrasound before and after intervention are summarized in Tables 3 and 4 and shown in Figure 9 .
The free lumen area measured from 72 corresponding cross sections (15 patients) increased significantly by 89%. It was observed that lumen area seen postangioplasty was not related to the plaque type seen before intervention (soft and hard lesions; respectively, 9.8±5.1 mm2 and 9.6±4.2 mm2 before intervention; 18.3+6.8 mm2 and 18.4±7.4 mm2 after intervention).
The minimal diameter of the lumen increased by 41%. In 30 of the 72 cross sections (five patients), the major part of the media was not seen because of calcium deposits (n=24), previous balloon angioplasty in one 25 0.55±0.19 0.34±0. 11 -38 .0.01 Treated previously with balloon angioplasty (5 patients) 17 0.35±0.17 0.24±0.11 -31 .0.01 patient (n=4) and because of inadequate image quality in another patient (n=2). The media-bounded area to be measured from the remaining 42 corresponding cross sections (11 patients) increased markedly by 29%.
As with the media-bounded area, the lesion area could only be assessed in these 42 cross sections. The lesion area revealed no significant change in 32 corresponding cross sections (11 patients). In four cross sections from two patients, the lesion area was reduced significantly (53%), and in six cross sections from another two patients the lesion disappeared completely. This occurred only in so-called soft lesions, which were either eccentric or concentric.
Media thickness of the arterial wall assessed in 11 patients treated with balloon angioplasty as the primary intervention revealed a significant decrease of 38%. In five patients who had been treated previously with balloon angioplasty, a 31% decrease in media thickness was observed (Table 4 ; compare Figures 2, 3, 6 , and 10 before with Figures 5-8, 10 , and 11 after).
Reproducibility
Measurements for the free lumen, media-bounded, and lesion areas showed highly significant correlations between the repeat measurements by the same or a different observer. All paired measurements obtained by one observer revealed a correlation coefficient of r=0.99 (p<O.01) with SEE values of 0.40, 0.99, and 0.90 for free lumen, media-bounded, and lesion area measurements, respectively. The interobserver variability so 40 N30 ao 0 0 10 0 test for free lumen, media-bounded, and lesion areas showed correlation coefficients of r=0.98 (SEE= 1.33), r=0.95 (SEE=1.98), and r=0.94 (SEE=2.06), respectively (all pO.01). All measurements on the media thickness showed a mean difference of -0.01+0.15 mm (p=0.652) between the two independent observers.
Discussion
It is well accepted that any new technique must be compared with existing and acknowledged techniques. In this respect, systematic in vitro research aimed at correlating intravascular ultrasound with histology has been particularly useful to establish that the threelayered appearance of the arterial wall seen in vivo represents a signature image of a muscular artery.'2-20 The hypoechoic muscular media was an important echographic landmark for the recognition of the mediabounded cross-sectional area and, therefore, for the determination of lesion area.
Effect of Balloon Angioplasty
It is suggested that, using intravascular ultrasound, interventional therapy could benefit from more detailed feedback and better understanding of the immediate effects of the intervention. '8-24,30-33 This study demonstrates that intravascular ultrasound indeed has the unique ability to gain qualitative and quantitative data before and after balloon angioplasty in humans. Intravascular ultrasound enables discrimination between hard and soft lesions as well as between eccentric and concentric lesions. After balloon angioplasty dissection, Before/After Before/After Before/After fxe -0-a6r free lumen area media-bounded area lesion area FIGURE 9. Graphs showing comparison of free lumen, media-bounded areas, and lesion areas before and after balloon angioplasty in a total of 72 ultrasonic cross sectons. Each pair of cross sections before and after intervention is interconnected. Note the increase in free lumen and media-bounded areas, whereas the lesion area mostly remains unchanged. In some cases, partial or total disappearance of the lesion occurs (see Table 3 ). plaque rupture and internal lamina rupture could be identified; these features were not seen before intervention. It is noteworthy that a combination of these morphological features were encountered frequently in the same patient ( Table 2) . Soft lesions were more frequently associated with a dissection and/or plaque rupture than were hard lesions (56% versus 28%). The long-term prognostic value of all these morphological features, seen individually or in combination, needs to be determined. Increased free lumen area is generally associated with an increase in media-bounded area and unchanged lesion area; the increased free lumen area noted was unrelated to the type of lesion (hard or soft). The soft lesions involved are apparently compliant lesions and subject to elastic recoil.'8 The mean lesion area obstruction in this study was reduced from 57% before to 36% after balloon angioplasty. Tobis et al,20 in contrast, observed a more outspoken area obstruction of 63% after balloon angioplasty of the coronary arteries. Compared with angioplasty of the coronary arteries, the disruption and embolization of thrombi in association with superficial femoral artery angioplasty is not uncommon and is perhaps an explanation for the difference in area obstruction reported in this study and that of Tobis. This assumption is validated by the fact that histology gained via embolectomy in two patients before the intervention evidenced thrombi; in both patients, embolization of the lesion had occurred without causing symptoms ( Figure 10 ). These lesions were never found in the adjacent cross sections.
The increase in media-bounded area was related intimately to the stretching of the arterial wall and, as a result, the lesion became dissected from the underlying arterial wall. Stretching of the arterial wall was shown to be associated with internal lamina rupture and/or thinning of the arterial media. It is noteworthy that the presence of internal lamina rupture was seen only after intervention.
Castaneda-Zuniga et a14 assumed that arteries behave as truly elastic bodies, which will be overstretched when a certain level of wall stress is applied during balloon angioplasty, which results in permanent deformation.
The results of this study support this contention: a decrease in the media thickness is measured immediately after the first balloon angioplasty (0.55-0.34 mm). In five patients who had been treated previously with balloon angioplasty (interval, 3-14 months), the media thickness was 0.35 mm before intervention and reduced to 0.24 mm immediately after intervention. Conversely, Losordo et a131 reported that stretching of the arterial wall does not contribute to the effect of increased lumen area; increased lumen area was believed to probably result from plaque fracture and, to a lesser extent, from plaque compression. In our study, the lesion area remained unchanged in the majority of cross sec- tions, whereas partial or total disappearance of the lesion was seen infrequently and occurred only in the so-called soft lesions. This latter observation is consistent with the study of Block et al,8 who reported that "plaque disruption and splitting of the atheromatous plaque might cause partial dissolution and extrusion of the atheromatous material, and that this mechanism might account for the changes seen physiologically following successful angioplasty."
Hypoechoic Media
It is known from previous intravascular ultrasound studies that an inverse relation exists between the lesion and the media thickness.29 This in vivo study showed definite medial thinning in diseased segments compared with disease-free wall segments of the same vessel.
However, discordant observations were also observed. In some cross sections, in spite of a large lesion filling the media-bounded area, the media was not thinned ( Figure 10 ). It was observed that the echolucency of the media may vary in the same cross section ( Figure 6 ). This may be related to the eccentric catheter position, the gain setting, and the angle of incidence. Near the catheter, the media may become invisible because of the relatively high gain setting. In other parts of the image distant from the ultrasound catheter, the echolucent media is visible, given an adequate gain setting. Its extent further depends on the angle of incidence; an oblique angle may result in a large echolucency compared with a perpendicular angle of insonification. For this reason, the media thickness in this study was measured from leading edge to leading edge.
Limitations of Intravascular Ultrasound
Because the scattering effect of blood is disturbing, particularly for off-line quantitative analysis, it was found necessary to keep blood away from the images of interest (Figure 11 ). Injection of saline is a time consuming procedure and is generally considered to be disadvantageous. The influence of blood on the overall image quality led to minor attenuation of the tissues examined. Another disadvantage of intravascular ultrasound is the requirement that the procedure should be recorded via a strict protocol to ensure that images obtained before intervention are to be compared with their corresponding cross sections obtained after intervention. Only such a protocol will provide the investigator with an accurate and reliable comparison. Although on-line analysis provides an impression with respect to the direct result of balloon angioplasty, off-line analysis is required to fully appreciate the quantitative changes involved in the intervention.
Mechanical artifacts from rotational inconsistencies were deemed negligible as the quantitative data on lesion area before and after intervention were very similar (Figure 9 ). This implies that the transducer and drive-shaft used in the catheter system have adequate torsional rigidity.
It should be acknowledged that the conclusions from this study may be influenced by the exclusion of 64 of 136 cross sections that could not be used for quantitative analysis. In the majority of these cross sections (45 of 64), however, intravascular ultrasound provided qualitative information on a dissection that may have impor-the inadequate image caused by low sensitivity of the ultrasound catheter and/or inappropriate angle of the ultrasound beam in the remaining 19 of 64 cross sections reflects the limitation of the system used.
This intravascular ultrasound study showed for the first time that luminal enlargement by balloon angioplasty is produced primarily by overstretching the arterial wall with the lesion volume remaining constant. Overstretching is almost always accompanied by dissection and plaque rupture and sometimes by an internal lamina rupture. In some instances, partial or complete disappearance of the lesion suggests dislodging and embolization of the lesion as an additional effect of balloon angioplasty.
